Introduction
Microsatellites (simple sequence repeats or SSR) are becoming a popular tool for genetic analysis in plants. They consist of short stretches of DNA tandemly repeated several times (Rongwen et al. 1995 , Tautz 1989 . The repeat number of microsatellites has been found to be highly variable within and between species. Because of their high mutation rate, the microsatellites display the highest polymorphic information content (PIC) among the molecular markers. This characteristic has promoted the application of microsatellites as molecular markers to fingerprinting, genome mapping, phylogenic and genetic relationship studies, markerassisted breeding, and population genetics. In addition to being highly polymorphic and well represented within eukaryotic genomes, the advantages of microsatellites as molecular markers include their codominant inheritance, easy scoring of the alleles and reproducibility. These characteristics have strongly promoted the development of microsatellite markers in various plant species (Bell and Ecker 1994 , McCouch et al. 1997 , Milboune et al. 1998 , Suwabe et al. 2001 , van de Wiel et al. 1999 . The results of these surveys have confirmed that microsatellites are abundant and well distributed in plant genomes.
The eggplant (Solanum melongena L.), also known as aubergine or brinjal, is a member of the Solanaceae, and is an important vegetable in many countries (Kalloo 1993) . Eggplant is a good source of minerals and vitamins and can be compared with tomato in terms of total nutritional value. Among the solanaceous vegetables, the development of molecular markers and the construction of genetic linkage maps have been reported for tomato Tanksley 1996, Tanksley et al. 1992) , pepper (Prince et al. 1993 , Sanwen et al. 2000 and potato (Milboune et al. 1998 , Tanksley et al. 1992 . In spite of the worldwide importance of eggplant, there is only one report of a genetic linkage map ) and a few reports of eggplant markers (Karihaloo et al. 1995 , Mace et al. 1999 .
The level of molecular genetic polymorphism in eggplant is low compared with that in many other species. As a result, the use of RAPD and AFLP markers in eggplant germplasm for applications such as quantitative trait loci identification and marker-assisted selection is limited (Mace et al. 1999 . Thus, polymorphism detection with a higher resolution would be required to develop markerbased genetic analysis. Microsatellite markers generally display higher levels of polymorphism in most species. The efficiency of microsatellite marker development depends on the abundance of repeats in the target species and the ease with which these repeats can be developed into informative markers. Efforts to investigate the abundance of microsatellites have been based on database searches or screening of genomic libraries. Compared with database searches, which are largely based on gene sequences registered, genomic library screening offers a more comprehensive evaluation of the complete genome and therefore provides a more accurate estimate of microsatellite frequency. Based on genomic library screening, it has been observed that (AG/TC) n in plants is more frequent than (AC/TG) n (Lagercrantz et al. 1993) , whereas in humans, (AC/TG) n repeats are the most common (Weber 1990) . Recently, efforts have been made to develop markers based on (AG/TC) n and (AC/TG) n repeats in eggplant (Nunome et al. unpublished) . In contrast to these dinucleotide repeats, information on trinucleotide microsatellites is not available and the frequency of trinucleotide microsatellites in eggplant has not been reported.
Trinucleotide repeats have been demonstrated to be highly polymorphic and stably inherited in the human genome (Edwards et al. 1991 , Gastier et al. 1995 . Trinucleotidebased microsatellites are generally more robust than dinucleotide-based microsatellite markers, because they frequently give fewer "stutter bands" (Diwan and Cregan 1997) . Thus, the determination of the allele size is less errorprone using tri-rather than di-nucleoride repeats. The easy determination of the size of the alleles using tri-versus dinucleotide microsatellite markers between adjacent alleles may enable to utilize microsatellite markers in various analysis systems.
It is necessary to assess the nature of microsatellites (relative frequency, repeat length, motif distribution, etc.) in order to achieve a strategic development of the microsatellite marker system. Therefore in this study, we determined the abundance, motif and repeat length distribution of trinucleotide microsatellites in the eggplant genome and examined the efficiency of informatic marker availability.
Materials and Methods

Plant material
Genomic DNA was isolated from fresh leaves of each individual using the CTAB (cetyltrimethylammonium bromide) method (Murray and Thompson 1980) , which was modified by extracting the homogenate with chloroform, and then mixing it with 2-propanol for DNA precipitation. The precipitate was resuspended in 10 mM Tris-HCl pH 8.0, 1 mM EDTA (TE), and then the RNA was digested with RNase A. The DNA was precipitated again with ethanol, and then resuspended in TE. The DNA from 11 eggplant cultivars or breeding lines (S. melongena) and 11 Solanum relatives (non-tuber-bearing) was used (Table 1) . Pearce and Lester (1979) Library construction, screening, DNA sequencing and primer design
The genomic DNA from the breeding line "EPL-1" was digested with Sau3AI. Fragments ranging between 200 and 800 bp were obtained by fractionation in a 1 % agarose gel, and DNA was recovered using a QIAquick Gel Extraction kit (QIAGEN, Tokyo, Japan). The fraction was ligated into the Bam HI site of the ZAP Express vector (Stratagene, La Jolla, CA, USA), as specified by the manufacturer. Approximately 108,000 plaques were plated, lifted to filters, processed and fixed by standard methods.
The library was screened with a mixture of oligonucleotide probes, (AAC) 10 , (AAG) 10 , (ACC) 10 , (ACG) 10 , (ACT) 10 , (AGC) 10 , (AGG) 10 and (ATC) 10 , which were end-labeled with digoxigenin. Hybridization of library filters was carried out at 55°C. The filters were rinsed twice at room temperature with 2 × SSC (0.3 M NaCl, 0.03 M sodium citrate), 0.1 % SDS for 5 min, and twice at 55°C with 0.5 × SSC, 0.1 % SDS for 15 min. Detection was performed according to the DIG luminescence detection system protocol (Roche Diagnostics, Tokyo, Japan).
The filters were exposed to X-ray film and the clones containing microsatellites were identified by observation of a hybridization signal. Hybridization-positive clones were subjected to two rounds of phage purification, and the phagemids were excised using the ExAssist helper phage (Stratagene, La Jolla, CA, USA).
The clones containing microsatellites were sequenced with a BigDye terminator cycle sequencing kit (Applied Biosystems, Tokyo, Japan) and an ABI PRISM 377XL sequencer (Applied Biosystems, Tokyo, Japan). The sequencing reactions were primed with M13 primers. For the detection of microsatellite loci, primers were designed for the flanking regions of the repeat sequences using the computer software Primer 3 (Rozen and Skaletsky 1998) . The primer pairs which did not detect PCR products were redesigned and tested for amplification.
PCR amplification and evaluation
PCR reactions were set up in 10-µL volumes containing 10 ng of genomic DNA, 200 µM of each dNTP, 0.2 µM of each primer, 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 0.1 % formamide and 0.25 U of TaKaRa Taq (Takara, Shiga, Japan). Amplifications were performed using a TaKaRa TP-3000 thermal cycler, according to the following protocol: (i) 94°C for 3 min, 1 cycle; (ii) 94°C for 0.5 min, 60 or 65°C for 1 min, 72°C for 1 min, 35 cycles; (iii) 72°C for 5 min, 1 cycle. The PCR products were denatured by the addition of 1 vol of formamide-dye solution (95 % formamide, 20 mM EDTA, 0.16 % BPB), followed by heating for 1 min at 95°C. They were then electrophoresed for 3.5 h at 20 W on a sequencing gel consisting of 5 % Super Reading DNA Sequence Solution (Toyobo, Tokyo, Japan), 7.5 M urea and 30 % formamide in 1 × TBE (90 mM Tris, 90 mM boric acid, 2 mM EDTA). After electrophoresis, the gel was stained with SYBR Green (Molecular Probes, Eugene, OR, USA) and scanned with a fluorescence imaging system, FM-BIO II (Hitachi Software Engineering, Yokohama, Japan).
To determine the level of polymorphism, the primer sets that generated a product with the expected size in EPL-1 were further tested using genomic DNA from 11 lines of S. melongena and 11 lines of Solanum relatives (Table 1) .
Statistical analysis
Heterozygosity values were calculated as 1-[p i 2 ] (Nei 1987) , where p i is the frequency of the ith allele, the allele in this case being defined by the pattern observed for a particular individual using a single pair of primers.
Results
Characterization of various trinucleotide motifs in eggplant
In order to estimate the frequency of each of the trinucleotide repeats, an eggplant genomic library containing approximately 108,000 pfu was screened with trinucleotide repeat probes. A total of 174 clones were initially found to contain the trinucleotide repeat motif. Thus, 0.16 % of the clones were estimated to contain a trinucleotide microsatellite analyzed. The inserts of these positive clones were sequenced and trinucleotide repeat(s) was identified in the 97 clones. Several clones had two or more microsatellite sequences. The motif distribution, which is summarized in Table 2 , showed that two trinucleotide repeats, (AAC/TTG) n and (ACC/TGG) n , predominated, accounting for 84.5 % of the isolated trinucleotide microsatellites.
Based on the average insert size (537 bp) and a genome size of 1100 Mbp/cell (Arumuganathan and Earle 1991) for eggplant, the occurrence of the eight microsatellites was estimated to range from 3.8 × 10 for (ATC/TAG) n , the least frequent, to 1.2 × 10 3 for (AAC/TTG) n , the most frequent microsatellite, i.e. once every 29.0 Mbp to once every 951 kbp (Table 3 ). The repeat number ranged from 3 to 22, with an average of 6 repeats. A total of 83.5 % of identified microsatellites showed seven or less repeat units.
Variability and inheritance of the microsatellite loci
Primers were designed corresponding to the microsatellite flanking sequences of 85 of the 97 clones with repeats. Since in 12 instances, the microsatellites were too close to ∑ -the cloning site, primers could not be designed. Of the 85 primer sets tested, 58 generated one or two discrete products with the genomic DNA of EPL-1 as a template.
Of the 58 primer sets that amplified one or two discrete products, 8 amplified polymorphic products among the 11 S. melongena lines ( Table 4 ). The number of alleles at each locus and the genetic diversity values were estimated, based on the analysis of the 11 S. melongena lines. Each locus had 2.1 alleles on the average. Heterozygosity for these individual loci in the S. melongena lines ranged from 0.17 to 0.57 with an average value of 0.31. Among the 8 loci, 5 contained (AAC/TTG) n repeats.
Of the 58 primer sets that amplified one or two discrete products, 33 amplified polymorphic products in Solanum relatives, i.e. products varying in size among the 11 S. melongena lines and 11 Solanum relatives (Table 5) . Several primer pairs did not generate amplification products in some species. Each of the 33 loci contained 2.9 alleles on the average. Heterozygosity for these individual loci in Solanum relatives ranged from 0.09 to 0.72, with an average value of 0.32. There was no correlation between the number of alleles per locus and the number of repeats in the microsatellites.
The inheritance of the microsatellite markers was tested using a set of F 2 lines derived from an intraspecific cross between S. melongena EPL-1 and WCGR112-8. Three markers (EM232, EM236 and EM245) showed polymorphism between the parental lines. These markers were inherited in a mendelian manner, with each of the F 2 lines (data not shown).
Discussion
Our results indicated that the selected trinucleotide repeat motifs were present in 0.16 % of the clones. The occurrence of two trinucleotide repeats, (AAC/TTG) n and (ACC/ TGG) n , was once every 707 kbp, or a total of 1.6 × 10 3 per cell. These two repeats predominated, accounting for 84.5 % of the isolated trinucleotide microsatellites. These results differ from observations in wheat and Arabidopsis thaliana. In wheat, (TAA/ATT) n , (CTT/GAA) n and (CAA/GTT) n accounted for about 96 % of the clones (Song et al. 2002) . In A. thaliana, (TAA/ATT) n , (CAA/GTT) n , (CTT/GAA) n , (CAT/ GTA) n and (GGA/CCT) n microsatellites accounted for 96 % of the total (Loridon et al. 1998) . In the trinucleotide motifs analyzed, the microsatellite (AAC/TTG) n was the most frequent in eggplant. The microsatellite (TAA/ATT) n was the most abundant trinucleotide microsatellite in A. thaliana (Loridon et al. 1998) , soybean and tomato (Smulders et al. 1997 ). Because we have no data on the (TAA/ATT) n microsatellite of eggplant, further analysis is needed.
In tomato, these two microsatellites, (TAA/ATT) n and (AAG/TTC) n , were nearly as frequent as the dinucleotide repeats (AG/TC) n and (AC/TG) n , based on genomic library screening (Broun and Tanksley 1996) . A similar relationship has been observed in the eggplant, i.e. (AAC/TTG) n and (ACC/TGG) n were nearly as frequent as the dinucleotide repeats (AG/TC) n and (AC/TG) n (Nunome et al. unpublished) . However, the repeat motif (AAG/TTC) n reported here was less frequent. Some researchers suggested that eight repeat units can be considered to be the lower limit for producing high polymorphism rates (Gastier et al. 1995 , Smulders et al. 1997 . In the present study, 83.5 % of the trinucleotide repeats contained seven repeat units or less. Most of the markers that detected polymorphism among the S. melongena lines contained eight repeat units or more. Although there was no correlation between the number of alleles per locus and the number of repeats, the trinucleotide repeats with seven repeat units or less showed a low level of polymorphism.
In lettuce, the compound microsatellites showed a high level of polymorphism, as indicated by their PIC value (van de Wiel et al. 1999) . Since the compound trinucleotide microsatellites isolated in eggplant were relatively few, no clear tendency was observed. The compound dinucleotide microsatellites in eggplant detected a high number of (AC) n repeats adjacent to (AT) n and showed a high level of polymorphism (Nunome et al. unpublished) .
One of the main attributes of microsatellite loci is their hypervariability, which makes them generally more informative than other molecular markers, such as RFLP (Rongwen et al. 1995) . The average heterozygosity reported for microsatellites has generally ranged between 0.5 and 0.8 in mammals and between 0.5 and 0.9 in plants (Rongwen et al. 1995 , Song et al. 2002 . In our study, however, a much lower level of polymorphism was observed in eggplant. The average heterozygosity was 0.31 in S. melongena lines and 0.32 in Solanum relatives. The heterozygosity value of the dinucleotide microsatellite loci in eggplant was 0.38 among S. melongena lines and 0.60 among Solanum relatives m: multiple products detected in some Solanum relatives. 1) : no product detected in some Solanum relatives (Nunome et al. unpublished) , showing a higher level of polymorphism than the trinucleotide microsatellites. These results were probably due to the low level of polymorphism in eggplant. In tomato, low levels of polymorphism were observed among cultivars, based on microsatellite, RFLP and RAPD markers (Broun and Tanksley 1996 , Miller and Tanksley 1990 , Rus-Kortekaas et al. 1993 . The low level of polymorphism among species probably depends on the narrow genetic background of the eggplant (S. melongena) lines, in the same way as in the tomato cultivars. Even though all the primer sets were designed based on the S. melongena sequence, all the PCRs were also successful in S. incanum, presumably due to its very close relationship with S. melongena (Pearce and Lester 1979) . Further interspecific compatibility, however, was rather low, since about only half of the primer sets generated products in Solanum relatives other than S. incanum. To compare the amount of variation among and within species, a larger number of accessions should be used from more species. The lack of amplification of a primer set in certain accessions can be due to divergence in the sequence flanking the microsatellite and also to the production of an undetectable amount of PCR product. In the latter case, the optimum PCR conditions for the amplification of a fragment could differ between genotypes (Bell and Ecker 1994) . Therefore, optimization of PCR conditions would be necessary for individual species from which no fragments were amplified.
There are a number of "stutter" bands in the microsatellite alleles. As noted earlier, the stutter bands are particularly prevalent with dinucleotide microsatellites and less prevalent with tri-and tetra-nucleotide microsatellites (Diwan and Cregan 1997, Edwards et al. 1991) . However, such bands of trinucleotide microsatellites in eggplant appeared at approximately the same frequency as that of the dinucleotide microsatellites (Nunome et al. unpublished) . A large number of comparisons of genotypes should be made to determine the exact allele length of each genotype. Some researchers have suggested that it is much less difficult to determine the allele lengths with trinucleotide microsatellites than with dinucleotide microsatellites (Diwan and Cregan 1997, Song et al. 2002) .
Here we have reported the isolation and characterization of a significant number of eggplant trinucleotide microsatellites, which enabled us to gain an insight into their relative abundance, organization and polymorphism. Additional microsatellites are currently being isolated in our laboratory, and an anchor map is under construction.
